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Abstract: We demonstrate the synergistic effect of the particle size of the dispersed phase and the 
interface thermal resistance (𝑅𝑖𝑛𝑡) between the phases on the phonon thermal conductivity (κph) of the (1-
x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC thermoelectric composite. Further, the correlation between the 𝑅𝑖𝑛𝑡 
and the Kapitza radius is discussed using the Bruggeman’s asymmetrical model. In particular, the 
polycrystalline La0.95Sr0.05Co0.95Mn0.05O3  sample is synthesized using a standard-solid state route. The 
presence of WC nanoparticle is confirmed from the electron microscopy images. Electrical conductivity 
(σ) increases, and the Seebeck coefficient (α) decreases with the increase in conducting WC volume 
fraction in the composite. The simultaneous increase in σ and a decrease in κph with the WC volume 
fraction results in an increased figure of merit (zT) for (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite. 
A maximum zT ~0.20 is obtained for (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite for x=0.010 at 463 
K. The results obtained in the present study shows promise to design thermoelectric composites with 
desired phonon thermal conductivity considering the elastic properties between the phases.  
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INTRODUCTION 
Wastage of energy in the form of heat from several energy sources while in practical use has 
been a concern for decades [1]. Thermoelectric (TE) devices can be used in waste heat recovery 
technology for efficient use of available energy resources [2,3]. The efficiency of a TE device 
depends on a dimensionless quantity known as a figure of merit (zT) of TE materials. The zT is 
defined as zT= σα2T/(κph+κe), where α is the Seebeck coefficient, σ is the electrical conductivity, 
T is the absolute temperature, and κ (=κph+κe) is the total thermal conductivity, which consists of 
phonon thermal conductivity (κph) and electronic thermal conductivity (κe). The interdependence 
between σ, α, and κe is challenging to achieve a high zT in a single material [4]. The increase in 
σ reduces α; also, an increase in σ increases κe, according to Wiedemann Franz law. Ioffe 
suggested that one of the primary requirements to achieve a high zT is to reduce the κph of a 
material. The reduction in κph has been demonstrated in literature through several strategies, 
including lattice defects [5], mass disorder [6], nanostructuring [7], artificial superlattices [8], 
and or preparation of composite materials [9] that enhances the scattering of phonons. However, 
phonon scattering via impurities, lattice defects, lattice anharmonicity, in a single TE material 
may also scatter electrons and hence leads to a lower σ [4]. Moreover, making composite 
materials can be promising for lowering κph, considering the mismatched elastic properties 
(sound velocity) and the Kapitza radius between the phases [10].  
Oxide materials are promising for the direct conversion of heat to electrical energy for power 
generation at high temperatures due to their chemical and thermal stability in an open 
environment [11]. Among the oxide materials, cobalt-based systems (LaCoO3 [12,13], Ca3Co4O9 
[14,15], NaxCoO2 [16,17]) are promising for TE applications due to the presence of different 
charge states along with different spin-states of cobalt [18]. However, these oxide materials 
possess poor zT due to low σ and high κph [19]. An improvement in zT is obtained in several 
oxide composites viz. Ca3Co4O9/Ag [20], LaCoO3/graphene[21], LaCoO3/La0.7Sr0.3MnO3 
[22,23], due to reduced κph. A notable reduction in κph was also shown in several composites 
with the addition of a nanostructured secondary phase [24–26]. However, the lowering of κph in 
nanostructured composite materials is mainly ascribed to the quantum size effects [19,27]. Also, 
these studies are often focused on general transport properties and do not consider the role of 
interface thermal resistance (𝑅𝑖𝑛𝑡) and acoustic impedance mismatch (AIM) between the phases 
on κph. On the other hand, these parameters are used in the analysis of heat transport mechanisms 
in several ceramic (ZnS/diamond [10], SiC/Al [28], ZnO/In2O3 [29]) and polymer composites 
(glass/epoxy [9,30]). Moreover, this method did not receive significant research attention in 
optimizing the thermal conductivity for TE composite materials. We have realized a decrease in 
the phonon thermal conductivity of the composite when the particle size of the dispersed phase is 
smaller than the Kapitza radius [31]. However, the electrical conductivity of the dispersed phase 
is not promising and hence requires additional research to improve the TE properties in 
composite systems.  
Because of the gap in the literature as mentioned above, a systematic study on the TE properties 
of a composite oxide that consists of La0.95Sr0.05Co0.95Mn0.05O3 (a promising cobalt-based oxide 
system, zT=0.14 at 480 K [12]) and highly conducting WC (with different elastic properties than 
LSCMO) is performed. The addition of conducting WC improves the electrical conductivity as 
well as different elastic properties between the phase reduces κph, and hence suitable for 
improved TE properties. In particular, the role of Rint between the phases and particle size of the 
dispersed phase on κph is analyzed. Further, the experimental results for thermal conductivity are 
analyzed using the Bruggeman’s asymmetrical model.  
 
 
 
EXPERIMENTAL SECTION 
The polycrystalline La0.95Sr0.05Co0.95Mn0.05O3 (LSCMO) sample was synthesized using a 
standard solid-state route. In a typical synthesis process, the stoichiometric amount of La2O3, 
SrCO3, Mn2O3, and Co3O4 were taken and mixed homogeneously in an agate mortar pestle using 
acetone as a liquid medium. The mixed powder was calcined at 1473 K for 12 hours in a muffle 
furnace with a 3 K/min heating and cooling rate. Further, the calcined powder was ground again 
to obtain a homogeneous mixture. The (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite with 
x=0.000, 0.002, 0.005, 0.010, 0.020, and 0.050 is prepared by mixing the different volume 
fraction (x) of WC nanoparticle (Sigma Aldrich). The composite mixture was further ground to 
mix homogeneously in a liquid medium (acetone). The mixture was then sintered using a spark 
plasma sintering (SPS) technique at 973 K in a uniaxial pressure of 70 MPa. The obtained 
cylindrical pellets of 10 mm diameter and 12-13 mm height were cut to proper dimensions using 
a precise wire saw for further measurements. The surface of the sample for microstructure 
investigation was polished using an automatic grinding/polishing machine. The surface 
morphology of the polished sample was done using a scanning electron microscope equipped 
with energy dispersive x-ray spectroscopy. X-ray diffraction of samples after synthesis and after 
sintering was obtained by the Rigaku diffractometer (λ=1.5406 Å). The surface mapping of the 
Seebeck coefficient for the (1-x)LSCMO/(x)WC composite was done using a scanning 
thermoelectric microprobe (STM) at 298 K with a spatial resolution of 50 µm. 
Thermal diffusivity for all the samples was measured using the laser flash analysis (LFA-457, 
NETSCH) apparatus in the Ar (5N) atmosphere (30 ml/min). Specific heat was determined from 
the Dulong-Petit law. The sample density was measured using sample mass and its geometric 
volume. Electrical conductivity and Seebeck coefficient were measured under Ar (5N) 
atmosphere (50 ml/min) by the SBA 458 (NETSCH) apparatus. The uncertainty of the Seebeck 
coefficient and electrical conductivity measurements is 7% and 5%, respectively. The estimated 
uncertainty in thermal conductivity is 7%.  
 
 
 
RESULTS AND DISCUSSION 
X-ray diffraction pattern of the (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite is shown in Fig. 
1(a). The LSCMO shows a characteristic peak at 2θ = 32.74˚ (104) and 32.88˚ (110) having the 
following lattice parameters (a=b=5.443 Å, c=13.154 Å). In composite samples, only intensity 
due to LSCMO is observed without any trace of impurity within the sensitivity of XRD. Also, 
the reflections due to WC is not prominently observed owing to its lower volume fraction in the 
composite. The diffraction pattern for WC is also shown in Fig.1.   
 FIG. 1: (a) X-ray diffraction pattern for (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite. Bragg’s position and 
Miller indices for  La0.95Sr0.05Co0.95Mn0.05O3 and WC are marked. Scanning electron miscroscopy (SEM) images for 
(1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite for (b, c) x=0.010. 
 
Fig. 1(b-c) show the scanning electron microscopy (SEM) images for (1-x)LSCMO/(x)WC 
composite for x=0.010. The presence of WC nanoparticle (shown by red arrows) is seen in the 
composite samples. The WC nanoparticles are at the grain boundaries. The particle size of the 
WC is in the range of 100-150 nm, where LSCMO particle size lies in the range of 1-3 μm. The 
experimental densities of the samples were measured using the sample mass and its geometrical 
volume. The theoretical densities of the composite were calculated using the volume-weighted 
arithmetic mean. The relative density for all the samples is greater than 96%.  
 
 FIG. 2 Scanning thermoelectric microprobe (STM) mapping for (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite (a) 
x=0.000, (b) x=0.005, (c) x=0.010, and (d) x=0.050. 
 
The local variation in the Seebeck coefficient for all the samples is measured using a scanning 
thermoelectric microprobe at 300 K. Figure 2(a-d) depicts the Seebeck coefficient mapping for 
(1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite. The scale bar is kept constant for all the 
samples. It is found that with the increase in the WC nanoparticle in the composite, the average 
value of α decreases. We do not observe a minimal α at any point on the STM map due to WC, 
as the tip resolution of the STM is 50 μm (higher than the particle size of WC (100-150 nm)). 
However, a decrease in average α in composites is observed and attributed to the collective 
contributions from both LSCMO and WC phases.  
The Seebeck coefficient (α), electrical conductivity (σ), and power-factor (α2σ) for LSCMO/WC 
composite are shown in Fig. 3(a-c). The positive value of the Seebeck coefficient indicates a p-
type of conduction in the system, as shown in our previous studies for LSCMO [12]. At 300 K, α 
for LSCMO is 260 μV/K. For x=0.002, α increases to 263 μV/K and decreases with the further 
increase in WC volume fraction in the composite. The Seebeck coefficient decreases from 260 
μV/K for x=0.000 to 255 μV/K for x=0.005 to 251 μV/K for x=0.010 to 231 μV/K for x=0.020 
to 186 μV/K for x=0.050. The Seebeck coefficient for all the samples decreases with the rise in 
temperature. Also, the slope change in the α vs. temperature curve is identical for all the samples, 
depicting that the spin-state transition is identical in all the samples [16][32][33].  
 FIG. 3(a) Seebeck coefficient (α), (b) Electrical conductivity (σ), and (c) power factor (α2σ) as a function of 
temperature for (1-x)LSCMO/(x)WC composite. 
 
Figure 3(b) shows the electrical conductivity (σ) as a function of temperature for all the 
composite samples. The electrical conductivity is found to increase with the increase in WC 
volume fraction in the composite. The increase in σ in the composite is due to the significantly 
high electrical conductivity of WC (50000 S/cm) [34]. The increase in σ with WC volume 
fraction in the composite is consistent with the decrease in α. Also, σ increases with the increase 
in temperature for all the samples depicting the semiconducting behavior. The σ  for LSCMO at 
300 K is ~40 S/cm, and it increases to ~60 S/cm for x=0.010 and to ~90 S/cm for x=0.050. A 
small rise in σ in the composite with WC,  having too high electrical conductivity (50000 S/cm), 
may be attributed to the presence of contact resistance between the LSCMO and WC phases. 
Further, the power factor (α2σ) as a function of temperature for all the samples is shown in Fig. 
3(c). The power factor is found to increase with the increase in WC volume fraction in the 
composite, and it is attributed to the increase in electrical conductivity with a minimal reduction 
in the Seebeck coefficient. The power factor first increases and then decreases with the increase 
in temperature and is consistent with the previous studies in cobaltates [23][12]. The decrease in 
power factor at higher temperatures is attributed to a decrease in the Seebeck coefficient.  
Figure 4(a) shows the temperature-dependent thermal conductivity (κ) of the LSCMO/WC 
composite. An increase in κ with the rise in temperature is observed for all the samples. It is 
attributed to the rise in σ of the composite with an increase in temperature. Also, the thermal 
conductivity of the composite is found to increase with the increase in WC volume fraction. This 
increase in κ may be attributed to the high thermal conductivity of the WC [35]. However, it is 
noted that the rise in κ for the composite samples does not follow the rule of mixture. Therefore, 
to understand the exact nature of thermal conductivity in the composite samples, electronic and 
phonon thermal conductivity was separated from total thermal conductivity. The electronic 
thermal conductivity (κe) is calculated using the Wiedemann-Franz law, i.e., κe=LσT, where L is 
Lorenz number and is calculated using the following equation L=1.5+exp(-|α|/116) [36]. The κph 
is estimated by subtracting the κe from κ. The κph as a function of temperature for the composite 
is shown in Fig. 4(b). The κph increases with an increase in temperature up to ~500 K and then 
decreases with a further rise in temperature. The decrease in κph at higher temperatures is 
attributed to the decrease in the phonon mean free path that enhances the phonon scattering. 
However, κph is found to decrease with the increase in WC volume fraction in the composite. To 
elucidate the decrease in κph with the increase in WC volume fraction in the composite, we 
consider the acoustic impedance mismatch (AIM) model and the Debye model to calculate the 
interface thermal resistance (𝑅𝑖𝑛𝑡) between the phases. Further, we use Bruggeman asymmetrical 
model that considers the Rint to estimate the theoretical κph and compare it with the experimental 
value. 
 
FIG. 4 (a) Total thermal conductivity (κ), (b) phonon thermal conductivity (κph) as a function of 
temperature for (1-z)Ge0.87Mn0.05Sb0.08Te/(z)WC composite. 
 
The acoustic impedance mismatch (AIM) model predicts the probability of phonon reflection 
and transmission at the interface between the two phases in a composite system. First, the 
fraction of phonons (𝑞) having the incident angle below a critical value at the interface can be 
estimated using the following relation: 𝑞 =
1
2
(
𝑣𝑚
𝑣𝑑
)
2
 [10], where 𝑣𝑚 and 𝑣𝑑 are the sound 
velocities of the matrix (LSCMO) and the dispersed phase (WC). The sound velocities 
measurement for both the phases are shown in Table I, and it gives a 𝑞=0.128.  It shows that 
12.8% of these phonons have the incident angle within the critical angle. Further, the 
transmission coefficient (𝑝) of the phonons at the interface of two materials can be calculated 
using the following equation: 𝑝 =
4𝑍𝐴𝑍𝐵
(𝑍𝐴+𝑍𝐵)2
  [37], where 𝑍𝑖 = 𝑣𝑖𝜌𝑖 is called acoustic impedance, 
𝜌𝑖 is the density, and 𝑣𝑖 is the velocity of the i
th material. The measured values of 𝑣 and 𝜌 are 
used to calculate the acoustic impedance for both the materials. The acoustic impedance for both 
phases gives a 𝑝 value of 0.581. It indicates that, phonons which incident on the interface below 
the critical angle, 58.1 % of these can transmit through the interface. Hence, the transmission 
probability (𝜂 =  𝑝𝑞) for these LSCMO/WC interface is 0.0746. Further, the 𝑅𝑖𝑛𝑡 for the 
LSCMO-WC phase is calculated using the Debye model given by the equation: 𝑅𝑖𝑛𝑡 =
4
𝜌𝑐𝑝𝑣𝐷𝜂
 , 
where 𝑐𝑝 is the specific heat capacity, 𝑣𝐷 (= (
3
1
𝑣𝑙
3+
2
𝑣𝑡
3
)
1/3
) is the Debye velocity, 𝑣𝑙 and 𝑣𝑡 are 
the sound velocities in longitudinal and transverse directions. The interface thermal resistance 
(𝑅𝑖𝑛𝑡) between the LSCMO and WC phases, calculated from the Debye model, is 7.05× 10
−7 
m2K/W. Further, the theoretical Kapitza radius aK (=𝑅𝑖𝑛𝑡.κm) for the LSCMO/WC composite is 
~720 nm at 300 K, where κm is the thermal conductivity of the matrix (LSCMO). 
TABLE I: Measured values of sample density (ρ), sound velocity (v) used in acoustic impedance model 
(AIM) to calculate the acoustic impedance (Z) and Transmission coefficient (p) of phonons for LSCMO 
and WC samples. 
Sample 
Name 
ρ 
(g/cm3) 
v (m/sec) Z (kg/(m2s)) pav 
(%) vt 
(Trans.) 
vt 
(Long.) 
Trans. Long. 
LSCMO 5.94 1600 2610 13246 25066 58.1 
 WC 15.43 2110 3170 67892 110787 
 
Further, the effect of 𝑅𝑖𝑛𝑡 and 𝑎𝐾 on the phonon thermal conductivity κph of the composite is 
discussed using the Bruggeman’s asymmetrical model, given by the formula [38] 
(1 − 𝑥)3 = (
𝑘𝑚
𝑘
)
1+2𝛼
1−𝛼
(
𝑘 − 𝑘𝑑(1 − 𝛼)
𝑘𝑚 − 𝑘𝑑(1 − 𝛼)
)
3
1−𝛼
 
where 𝑘𝑑 and 𝑘 are the phonon thermal conductivity of the dispersed phase (WC) and the 
composite, respectively.  The 𝑥 is the volume fraction of the dispersed phase, and 𝛼 = 𝑎/𝑎𝐾, 
where 𝑎 is the particle size of the dispersed phase.  
 FIG. 5: (a) Schematic of acoustic impedance mismatch (AIM) model depicting the probability for phonon 
transmission (p) and reflection (1-p) for the difference in AIM (ZA/ZB). The ZA/ZB is marked for the LSCMO/WC 
composite. (b) Calculated phonon thermal conductivity of (1-x)La0.95Sr0.05Co0.95Mn0.05O3/(x)WC composite for 
x=0.010 as a function of the WC particle size at 298 K, obtained from the Bruggeman’s asymmetrical model. (c) 
Calculated phonon thermal conductivity as a function of WC volume fraction for the different particle size of WC at 
298K. The symbols represent the κph obtained from the total κ.  
 
The schematic of the acoustic impedance mismatch (AIM) model is shown in Fig. 5(a). The 
probability of phonon transmission (p) and reflection (1-p) for the difference in acoustic 
impedance (ZA/ZB) is shown. For large ZA/ZB, the probability of phonon reflection increases at 
the interface between two materials. The dotted line marks the probability of phonon 
transmission at the interface between LSCMO/WC in Fig. 5(a).  Figure 5(b) shows the phonon 
thermal conductivity (κph) calculated for different particle sizes of WC for the (1-
x)LSCMO/(x)WC composite for x=0.010 using Bruggeman’s asymmetrical model (dashed 
lines). The κph decreases with the decrease in the particle size of the dispersed phase. It is also 
noted that when the particle size of the dispersed phase is smaller than a threshold value, called 
Kapitza radius (aK), the κph of the composite is smaller than the κph of the matrix. The change in 
κph as a function of WC volume fraction (x) for the different particle size of WC is shown in Fig. 
5(c). It is observed that when the particle size of WC is larger than the Kapitza radius (~720 nm), 
the κph of the composites increases with the increase in WC volume fraction. It suggests that 
even there is an acoustic impedance mismatch between the LSCMO and WC, the κph does not 
decrease when the particle size is larger than the Kapitza radius. It also indicates a correlation 
between the interface thermal resistance and the Kapitza radius [31][10]. 
Further, an almost constant value of κph is observed when the particle size of the dispersed phase 
is close to the Kapitza radius (~720 nm). However, the κph of the composite can be lower than 
the κph of the matrix when the particle size of the dispersed phase is smaller than the Kapitza 
radius. The experimental value of the κph (star symbol) agrees well to the theoretical prediction 
(solid lines). The decrease in κph for particle size smaller than aK is attributed to the increase in 
the contact area between phases due to an increased surface to volume ratio [31]. At this 
condition, Rint between the phases becomes more prominent and hence reduces the κph. 
 
FIG. 6:  (a) Figure of merit (zT) (b) average zT, and (c) efficiency (n) calculated from the average zT value for the 
(1-z)Ge0.87Mn0.05Sb0.08Te/(z)WC composite. 
The measured value of α, σ, and κ are used to calculate the figure of merit (zT) in the 
LSCMO/WC composite. Figure 6 depicts the temperature-dependent zT for the LSCMO/WC 
composite. The zT is found to increase with the increase in WC volume fraction in the 
composite. It is attributed to the simultaneous increase in σ and a decrease in κph in the 
composite. The maximum zT for LSCMO/WC composite is 0.20 at 463 K, which is one of the 
highest zT obtained in the LaCoO3 based system at this temperature [22,39–42].  
 
CONCLUSION 
The role of interface thermal resistance and particle size of the dispersed phase on the phonon 
thermal conductivity (κph) is discussed in the LSCMO/WC composite, using the Bruggeman’s 
asymmetrical model. In particular, polycrystalline LSCMO is synthesized using a standard solid-
state route. The pure phase formation of LSCMO and the presence of WC in the composite was 
confirmed from the structural analysis. The addition of conducting WC (having mismatched 
elastic properties than LSCMO) improves the electrical conductivity (σ) with a minimal 
reduction in the Seebeck coefficient. The phonon thermal conductivity (κph) was extracted by 
subtracting electronic thermal conductivity, using the Wiedemann Franz law, from the total 
thermal conductivity. The decrease in κph with the increase in the WC volume fraction is 
analyzed using the acoustic impedance mismatch model and the Bruggeman asymmetrical 
model. The κph of the composite decreases when the particle size of the WC (dispersed phase) is 
smaller than the Kapitza radius. The simultaneous increase in σ and a decrease in κph with the 
addition of WC nanoparticle improve the figure of merit in the system. A maximum zT of 0.20 is 
obtained for LSCMO/WC composite with x=0.010 at 463 K. The results obtained in this study 
can generate excitement in the field of composite materials to optimize the electrical and thermal 
conductivity based on the elastic properties of materials for improved TE applications.  
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